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Purpose: This study aimed to investigate the genetic causal relationships among diet-
derived circulating antioxidants, primary open-angle glaucoma (POAG), and glaucoma-
related traits using two-sample Mendelian randomization (MR).

Methods: Genetic variants associated with diet-derived circulating antioxidants (retinol,
ascorbate, S-carotene, lycopene, a-tocopherol, and y-tocopherol) were assessed as
absolute and metabolic instrumental variables. POAG and glaucoma-related traits data
were derived from a large, recently published genome-wide association study database;
these traits included intraocular pressure (IOP), macular retinal nerve fiber layer (mRNFL)
thickness, macular ganglion cell-inner plexiform layer (mGCIPL) thickness, and vertical
cup-to-disc ratio (vCDR). MR analyses were performed per outcome for each exposure.

Results: We found no causal association between six diet-derived antioxidants and
POAG using the International Glaucoma Genetics Consortium data. For absolute antiox-
idants, the odds ratios (ORs) ranged from 1.011 (95% confidence interval [Cl], 0.854—
1.199; P = 0.895) per natural log-transformed B-carotene to 1.052 (95% Cl, 0.911-1.215;
P = 0.490) for 1 umol/L of ascorbate. For antioxidant metabolites, the OR ranged from
0.998 (95% Cl, 0.801-1.244; P = 0.989) for ascorbate to 1.210 (95% Cl, 0.870-1.682; P =
0.257) for y-tocopherol, using log-transformed levels. A similar result was obtained with
the FinnGen Biobank. Furthermore, our results showed no significant genetic associa-
tion between six diet-derived antioxidants and glaucoma-related traits.

Conclusions: Our study did not support a causal association among six diet-derived
circulating antioxidants, POAG, and glaucoma-related traits. This suggests that the
intake of antioxidants may not have a preventive effect on POAG and offers no protec-
tion to retinal nerve cells.

Translational Relevance: This study provides valid evidence regarding the use of diet-
derived antioxidants for glaucoma patients.

79.8 million by 2040.! Intraocular pressure (IOP)
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Introduction

Glaucoma is a group of chronic ophthalmic
neurodegenerative diseases and the leading cause
of irreversible blindness globally.!'> Primary open-
angle glaucoma (POAG) is the most common
type, affecting approximately 52.7 million people
worldwide—a number that is projected to grow to
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is the only proven modifiable factor for preventing
glaucomatous vision loss; however, controlling IOP
does not seem to prevent glaucomatous progres-
sion in all cases, as the loss of retinal ganglion cells
(RGCs) continues regardless of IOP reduction in some
patients with glaucoma.® Therefore, finding alternative
RGC protection treatments is an important research
objective.
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Oxidative stress plays an essential role in the patho-
genesis of glaucoma, potentially due to dysfunction
in the trabecular meshwork and RGC damage caused
by excessive reactive oxygen species.*> Antioxidants
are scavengers of free radicals that diminish oxidative
damage and possess the potential to prevent glaucoma
and slow its progression. The association between
antioxidants and glaucoma has recently attracted inter-
est, due to the safety and accessibility of antioxi-
dants such as vitamins C and E as well as carotenoids.
However, the results of previous epidemiologic studies
have been inconsistent. Several prospective studies
have suggested that dietary intake or supplemental
antioxidants are associated with a decreased risk of
glaucoma.®® Furthermore, studies have reported that
patients with glaucoma exhibited lower serum concen-
trations of vitamins A, C, and E than the controls.”-!°
Conversely, other cohort studies have not found
that diet-derived antioxidants have a protective effect
against glaucoma.'!-!'> These apparently contradictory
results may arise from the confounding factors and
reverse causality in observational studies. Moreover, a
randomized clinical trial (RCT) has failed to confirm
the clinical benefit of a high intake of vegetables and
fruits in POAG management.'? However, this trial had
several limitations, including the use of a secondary
analysis and uncertain time of glaucoma onset. In sum,
the causality between diet-derived antioxidants and
glaucoma remains unclear.

Mendelian randomization (MR) is an analytic
method for assessing causal relationships between
exposures and outcomes based on genetic varia-
tion.'* MR analysis minimizes confounding and avoids
reverse causality, as alleles are randomly allocated at
conception and are not modified by disease."> We
estimated the causal association of diet-derived circu-
lating antioxidants and their metabolites with POAG
using two-sample MR. Furthermore, we explored
genetic associations between diet-derived antioxidants
and glaucoma-related traits, including IOP, macular
retinal nerve fiber layer (mRNFL) thickness, macular
ganglion cell-inner plexiform layer (mGCIPL) thick-
ness, and vertical cup-to-disc ratio (vVCDR).

Study Design

We performed a two-sample MR analysis of
the summary statistics from genome-wide associ-
ation studies (GWASs) to determine the genetic
associations among POAG, glaucoma-related traits,
and diet-derived circulating antioxidants, including
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vitamin A (retinol), vitamin C (ascorbate), vitamin
E (a-tocopherol and y-tocopherol), B-carotene, and
lycopene. These antioxidant exposures were catego-
rized into two phenotypes: (1) absolute circulating
antioxidants (retinol, ascorbate, B-carotene, and
lycopene), measured as actual absolute levels in the
blood; and (2) circulating antioxidant metabolites
(retinol, ascorbate, a-tocopherol, and y-tocopherol),
quantified as relative concentrations in plasma
and/or serum. We have reported this study accord-
ing to the reporting checklist for Strengthening
the Reporting of Observational Studies Using
Mendelian Randomization (STROBE-MR).!%17 The
principles of MR are as follows: (1) instrumental
variables are associated with exposure; (2) instru-
mental variables are not associated with confounders;
and (3) instrumental variables affect the outcome
only by the exposure,'* as shown in Figure IA.
The schematic overview and framework of the MR
analyses in this study are presented in Figure 1B. The
data used in the present study are publicly available,
and ethical approval was obtained for the original
studies.

Selection of Genetic Instrumental Variables

Genetically determined absolute circulating antiox-
idants (namely, retinol, ascorbate, B-carotene, and
lycopene) were identified in recent large GWASs among
persons of European ancestry (P < 5 x 107%; linkage
disequilibrium [LD] < 0.001; clump distance = 10,000
kb). Two single nucleotide polymorphisms (SNPs)
associated with retinol were identified from a GWAS
of 5066 persons.'® Ten independent SNPs associated
with ascorbate were identified from a GWAS of 52,018
persons.'” One SNP associated with B-carotene was
identified from a GWAS of 2344 persons in the Nurses’
Health Study.”® Furthermore, under a relaxed thresh-
old criterion (P < 5 x 107% LD < 0.001; clump
distance = 10,000 kb),?! five independent SNPs associ-
ated with lycopene were identified from a GWAS of 441
persons.”

Information on circulating antioxidant metabolites,
retinol, ascorbate, «-tocopherol, and y-tocopherol
was extracted from a metabolic GWAS analysis with
relaxed threshold criteria (P < 1 x 107°), similar
to previous studies.”*> > Twenty-nine independent
SNPs associated with retinol and 28 SNPs associ-
ated with a-tocopherol were extracted from a recently
published GWAS among persons of European ances-
try.”® Fourteen SNPs associated with ascorbate and
13 SNPs associated with y-tocopherol were identified
from another metabolic GWAS analysis of persons of
European ancestry.?’
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A X Confounding
Outcome:
. 1 - POAG
Genetic variants Diet-derived - 0P
(instruments) antioxidant * mRNFL
* mGCIPL
* vCDR
B Instrumental Variables (SNPs) for Exposure

Absolute circulating antioxidants:
*  Retinol (2 SNPs)

*  Ascorbate (10 SNPs)

*  B-Carotene (1 SNPs)

*  Lycopene (5 SNPs)

|

Circulating antioxidant metabolites:
*  Retinol (29 SNPs)

*  Ascorbate (14 SNPs)

*  a-Tocopherol (28 SNPs)

*  y-Tocopherol (13 SNPs)

Gene-Outcome Associations from GWAS

POAG (IGGC)
. Cases: 16,677 Cases: 7,756

*  Control: 199,580 Control: 358,375

*  Europeanancestry European ancestry

POAG (FinnGen) 0P

*  Participants: 31,269
*  European ancestry

MR analyses:

* Inverse-variance
weighted

*  MR-Egger

*  Weight Median

Figure 1.

*  Participants: 31,434
+  European ancestry

mRNFL mGCIPL
*  Participants: 31,434

*  European ancestry

VCDR
. Participants: 25,180
+  European ancestry

Heterogeneity:

*  Cochran’ Qtest
Horizontal pleiotropy:

*  MR-Egger intercept
*  MR-PRESSO

Schematic overview and framework of this MR study design. (A) There are three principal assumptions in MR design: (1) instru-

mental variables are associated with exposure; (2) instrumental variables are not associated with confounders; and (3) instrumental variables
affect the outcome only by the exposure. (B) Study design and framework of the MR analyses in this study. IGGC, International Glaucoma

Genetics Consortium.

Data Sources of POAG and Glaucoma-
Related Traits

The Ilargest GWAS data summary statistics
for POAG were extracted from the International
Glaucoma Genetics Consortium (IGGC),”® and 18
studies were included. We used a first-stage meta-
analysis comprised of 16,677 cases and 199,580
controls of European descent. The definition of
POAG was based on the International Classifica-
tion of Diseases diagnostic codes (ICD9/ICDI10
revisions). Furthermore, we used the FinnGen
Biobank (https://r9.finngen.fi/) for sensitivity testing
for the association between diet-derived circulating
antioxidants and POAG, and there were 7756 cases
of POAG and 358,375 controls. We also extracted
GWAS summary statistics for glaucoma-related traits
among persons of European descent. We obtained the
summary statistics for IOP summarizing 12 cohort
studies by the IGGC in European-descent popula-
tions.”” We also obtained data on other glaucoma-
related traits, including mRNFL thickness,** mGCIPL
thickness,** and vCDR.?
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Statistical Analysis

We harmonized the exposure and outcome
variants and eliminated any possible palindromic
SNPs. The harmonization also ensured that the
effect alleles belonged to the same allele. Further-
more, we used the PhenoScanner GWAS database
(http://www.phenoscanner.medschl.cam.ac.uk/) to
screen out SNPs with potential confounders associated
with our outcomes (P < 1 x 107°) to rule out possible
pleiotropic effects from the MR analysis.’! Finally, we
calculated the genetic variation (R”) of the explained
phenotype for each instrument variable. Subsequently,
we calculated the F-statistics to assess the strength of
association for the SNPs,*? and, to avoid the poten-
tial weak bias of instrumental variables, SNPs with
F-statistics <10 were excluded.

Mendelian Randomization Analysis

Our MR analysis employed random-effects inverse
variance weighting (IVW) regression as the main analy-
sis to assess the causal relationships among diet-derived
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circulating antioxidants, POAG, and glaucoma-related
traits, as it provides reliable causal estimates in the
absence of directional pleiotropy. Furthermore, to
assess the robustness of the results, we performed
sensitivity analyses using MR-Egger regression and
the weighted-median estimator. The weighted-median
estimator provides consistent assessment if valid
genetic instrumental variables comprise up to 50%
of the weights.¥> In the MR-Egger method, the
intercept test is used to assess horizontal pleiotropy,
which implies that there may be horizontal pleiotropy
between genetic instrumental variables if the inter-
cept is not equal to zero.** Cochran’s Q test was used
to assess heterogeneity.®> In addition, the Mendelian
Randomization Pleiotropy RESidual Sum and Outlier
(MR-PRESSO) test was used to identify potential
outliers with respect to horizontal pleiotropy,*® and an
MR analysis was performed again after removing the
outliers to correct for horizontal pleiotropy.

We used a Bonferroni-corrected threshold of P <
0.00125 (P < 0.05/40, accounting for tests between
eight exposures and five outcomes) as evidence of a
significant association, and a P value between 0.00125
and 0.05 was considered nominally significant. All
statistical analyses in this study were performed using
R 4.3.0 (R Foundation for Statistical Computing,
Vienna, Austria). MR analyses were performed using
the “TwoSampleMR” package.

Characterization of Genetic Instrumental
Variables

The Table summarizes the information on the
instrumental variables for diet-derived circulating
antioxidants and their metabolites. Detailed informa-
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tion on the cohorts contributing to the GWAS for
absolute antioxidants is presented in Supplementary
Table S1. The summarized information for POAG and
glaucoma-related traits is provided in Supplementary
Table S2. Details on the SNPs associated with antiox-
idants, POAG, and glaucoma-related traits are given
in Supplementary Tables S3 and S4. F-statistics for all
genetic instruments were > 10.

Association of Diet-Derived Circulating
Antioxidants With POAG

The results of MR analyses are shown in Figure 2
using data from the IGGC study. Diet-derived antiox-
idant levels showed no significant associations with
POAG in the IVW method. For absolute circulating
antioxidants, the odds ratio (OR) was 1.027 (95% confi-
dence interval [CI], 0.311-3.395; P = 0.965) for natural
log-transformed retinol. The OR was 1.052 (95% CI,
0.911-1.215; P = 0.490) per 1 pmol/L increase for
ascorbate. The OR was 1.011 (95% CI, 0.854-1.199;
P = 0.895) for natural log-transformed S-carotene.
The OR was 1.014 (95% CI, 0.960-1.071; P = 0.610)
per 1 pg/dL of lycopene. For circulating antioxidant
metabolites, the OR was 1.031 (95% CI, 0.950-1.118; P
= 0.466) for log-transformed retinol per increase. The
OR was 0.998 (95% CI, 0.801-1.244; P = 0.989) for
ascorbate. The OR was 0.998 (95% CI, 0.930-1.072; P
= 0.962) for a-tocopherol. Similarly, the OR was 1.210
(95% CI, 0.870-1.682; P = 0.257) for y-tocopherol.
Furthermore, we performed a sensitivity analysis using
data from the FinnGen study and obtained similar
results that showed no causal relationship between
six diet-derived circulating antioxidants and POAG
(Fig. 3).

Sensitivity analysis was performed for instrumen-
tal variables with over three SNPs (Figs. 2, 3). The
results obtained with the MR-Egger and weighted-

Table. Summary of Instrumental Variables for Diet-Derived Antioxidants
Exposure Sample Size P SNPs, n Unit PMID
Absolute circulating antioxidants
Retinol 5066 5x 1078 2 pg/L in log-transformed scale 21878437
Ascorbate 52,018 5x 1078 10 pumol/L 33203707
B-Carotene 2344 5x 1078 1 Hg/L in log-transformed scale 23134893
Lycopene 441 5x10°° 5 pg/dL 26861389
Circulating antioxidant metabolites
Retinol 8247 1x 107 29 logo-transformed metabolite concentration 36635386
Ascorbate 2085 1x 107 14 logo-transformed metabolite concentration 24816252
a-Tocopherol 8192 1x 107 28 logo-transformed metabolite concentration 36635386
y-Tocopherol 7725 1x 107 13 logo-transformed metabolite concentration 24816252
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Exposure SNPs OR (95% Cl) P-value
Absolute circulating antioxidants :

Retinol i

Inverse variance weighted 2 :‘ 1.027(0.311 to 3.395) 0.965
Ascorbate E

Inverse variance weighted 9 *i"' 1.052(0.911 to 1.215) 0.490
MR Egger '-i'-' 1.061(0.847 to 1.330) 0.620
Weighted median 9 H— 1.057(0.881 to 1.690) 0.550
Beta-carotene i

Inverse variance weighted 1 ":"' 1.011(0.854 to 1.199) 0.895
Lycopene E

Inverse variance weighted 5 1" 1.014(0.960 to 1.071) 0.610
MR Egger 5 o 1.038(0.938 to 1.149) 0.522
Weighted median 5 + 1.017(0.948 to 1.091) 0.631
Circulating antioxidant metabolites i

Retinol i

Inverse variance weighted 23 '!" 1.031(0.950 to 1.118) 0.466
MR Egger 23 E 0.997(0.827 to 1.202) 0.977
Weighted median 23 ":‘ 0.997(0.886 to 1.122) 0.958
Ascorbate E

Inverse variance weighted 13 "':r-' 0.998(0.801 to 1.244) 0.989
MR Egger 13 '—E"—' 1.143(0.655 to 1.992) 0.648
Weighted median 13 - 1.015(0.837 to 1.230) 0.881
Alpha-tocopherol E

Inverse variance weighted 25 'i‘ 0.998(0.930 to 1.072) 0.962
MR Egger 25 "1:' 0.906(0.769 to 1.067) 0.251
Weighted median 25 h 1.017(0.923 to 1.123) 0.724
Gamma-tocopherol i

Inverse variance weighted 1" "i"—' 1.210(0.870 to 1.682) 0.257
MR Egger 11 '—:'—' 1.009(0.496 to 2.053) 0.980
Weighted median 11 —— 1.087(0.765 to 1.544) 0.642

I T T
0 1 2

Odds ratio (95% Confidence Interval)

Figure 2. Genetic association between diet-derived circulating antioxidants and POAG using the IGGC. Estimated odds ratios represent the
effect per 1 umol/L of ascorbate, natural loggaucoma; IOP 8-carotene, natural log-transformed retinol, and 1 ug/dL of lycopene on POAG.

median methods were consistent with the IVW regres-
sion analyses. Cochran’s Q test detected no hetero-
geneity except for ascorbate in the IGGC study (P =
3.50 x 107°) (Supplementary Tables S5) and ascor-
bate (P = 0.044) and y-tocopherol (P = 0.034)
in the FinnGen Biobank. The MR-Egger intercept
test showed no significant horizontal pleiotropy for
any diet-derived antioxidant. Furthermore, the MR-
PRESSO test identified two outlier SNPs for ascorbate
of circulating antioxidant metabolites and glaucoma in
the IGGC study (rs8057559 and rs6713914; P < 0.001)
(Supplementary Table S5). MR analyses showed that
the risk of POAG did not change substantially after
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removing the outliers. The MR-PRESSO test did not
detect outlier SNPs for the other outcomes.

Association of Diet-Derived Circulating
Antioxidants and Glaucoma-Related Traits

Figure 4 shows the results for glaucoma-related
traits, reflecting no significant associations with diet-
derived antioxidants. For absolute circulating antioxi-
dants, 8 ranged from —0.455 (95% CI, —2.172to 1.263;
P = 0.604) for mRNFL thickness to 0.319 (95% CI,
—1.272 to 1.910; P = 0.694) for IOP per natural log-
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OR (95% CI) P.value

i
Retinol E
Inverse variance weighted 2 '—'—E—' 0.596(0.263 to 1.349) 0.214
Ascorbate E
Inverse variance weighted 8 H:'—' 1.006(0.755 to 1.341) 0.965
MR Egger 8 '—4'—' 0.976(0.587 to 1.624) 0.928
Weighted median 8 = 0.994(0.757 to 1.306) 0.966
Beta-Carotene i
Inverse variance weighted 1 ":"' 1.023(0.817 to 1.282) 0.840
Lycopene E
Inverse variance weighted 5 'i‘ 0.959(0.871 to 1.055) 0.387
MR Egger 5 " 1.053(0.905 to 1.225) 0.550
Weighted median 5 ":" 0.991(0.903 to 1.087) 0.844
Circulating antioxidant metabolites i
Retinol i
Inverse variance weighted 22 "? 0.954(0.868 to 1.049) 0.329
MR Egger 22 e 0.965(0.808 to 1.152) 0.698
Weighted median 22 '+ 0.946(0.833 to 1.073) 0.387
Ascorbate E
Inverse variance weighted 13 "1:"' 1.016(0.837 to 1.234) 0.870
MR Egger 13 '—'E'—' 1.058(0.646 to 1.733) 0.825
Weighted median 13 = 1.065(0.844 to 1.342) 0.597
Alpha-tocopherol E
Inverse variance weighted 25 '+' 0.996(0.914 to 1.085) 0.921
MR Egger 25 "!"' 1.032(0.861 to 1.237) 0.735
Weighted median 25 b 1.019(0.898 to 1.155) 0.774
Gamma-tocopherol i
Inverse variance weighted 1" "i—'—' 1.295(0.832 to 2.015) 0.253
MR Egger 11 : 1.892(0.747 t0 4.792) 0.212
Weighted median 11 —— 0.992(0.621 to 1.584) 0.974

I T T
0 1 2

Odds ratio (95% Confidence Interval)

Figure 3. Genetic association between diet-derived circulating antioxidants and POAG using the FinnGen Biobank. Estimated odds ratios
represent the effect per 1 umol/L of ascorbate, natural logate, natural lognterval. natural log-transformed retinol, and 1 ug/dL of lycopene

on POAG.

transformed retinol. Per 1-umol/L increase for ascor-
bate, 8 (except for mGCIPL thickness) ranged from
—0.182 (95% CI, —0.449 to 0.086; P = 0.183) for
IOP to 0.114 (95% CI, —0.266 to 0.494; P = 0.556)
for mRNFL thickness. For natural log-transformed 8-
carotene, B ranged from —0.203 (95% CI, —0.828 to
0.421; P =0.523) for mGCIPL thickness to 0.084 (95%
CI, —0.392 to 0.559; P = 0.730) for mRNFL thick-
ness. For log-transformed retinol per increase, 8 ranged
from —0.186 (95% CI, —0.511 to 0.140; P = 0.264) for
mGCIPL thickness to 0.108 (95% CI, —0.002 to 0.217;
P =0.054) for IOP. For circulating antioxidant metabo-
lites, B ranged from —0.074 (95% CI, —0.278 to 0.129;

Downloaded from abstracts.iovs.org on 04/25/2024

P =0.474) for IOP to 0.021 (95% CI, —0.294 to 0.335;
P =0.898) for mGCIPL thickness per log-transformed
retinol. Also, B8 ranged from —0.158 (95% CI, —0.464
to 0.147; P = 0.310) for IOP to 0.005 (95% CI, —0.006
to 0.016; P = 0.363) for vCDR per log-transformed
ascorbate. The B values ranged from —0.047 (95%
CI, —0.191 to 0.096; P = 0.518) for IOP to 0.054
(95% CI, —0.211 to 0.319; P = 0.689) for mGCIPL
thickness per log-transformed «-tocopherol. Finally, 8
ranged from —0.263 (95% CI, —0.917 to 0.391; P =
0.431) for mRNFL thickness to 0.407 (95% CI, —0.179
to 0.993; P = 0.173) for IOP per log-transformed
y-tocopherol.



translational vision science & technology

Antioxidants and Primary Open-Angle Glaucoma

TVST | February 2024 | Vol. 13 | No.2 | Article 20 | 7

Exposure Outcome SNPs Beta (95% Cl) P-value
Absolute circulating antioxidants i
Retinol Intraocular pressure 2 '—:"—‘ 0.319(-1.272t0 1.910) 0.694
Macular retinal nerve fiber layer 2 '_"i_' -0.455(-2.172 to 1.263) 0.604
Macular ganglion cell inner plexiform layer 2 : -0.318(-3.833 to 3.196) 0.859
Vertical cup-disc ratio 2 'f' 0.061(-0.082 to 0.205) 0.402
Ascorbate Intraocular pressure 9 = -0.182(-0.449 to 0.086) 0.183
Macular retinal nerve fiber layer 10 ":H 0.114(-0.266 to 0.494) 0.556
Vertical cup-disc ratio 9 ': -0.006(-0.023 to 0.011) 0.489
Beta-carotene Intraocular pressure 1 "‘f‘ -0.140(-0.478 to 0.198) 0.418
Macular retinal nerve fiber layer 1 "f-' 0.084(-0.392 to 0.559) 0.730
Macular ganglion cell inner plexiform layer 1 =t -0.203(-0.828 to 0.421) 0.523
Vertical cup-disc ratio 1 ': -0.015(-0.033 to 0.002) 0.077
Lycopene Intraocular pressure 5 %' 0.108(-0.002 to 0.217) 0.054
Macular retinal nerve fiber layer 5 ”: -0.048(-0.196 to 0.100) 0.525
Macular ganglion cell inner plexiform layer 5 *'1:' -0.186(-0.511 to 0.140) 0.264
Vertical cup-disc ratio 5 t 0.000(-0.007 to 0.008) 0.984
Circulating antioxidant bolites i
Retinol Intraocular pressure 22 "+ -0.074(-0.278 to 0.129) 0.474
Macular retinal nerve fiber layer 27 ":n 0.006(-0.187 to 0.199) 0.951
Macular ganglion cell inner plexiform layer 21 "T" 0.021(-0.294 to 0.335) 0.898
Vertical cup-disc ratio 22 q -0.004(-0.014 to 0.007) 0.499
Ascorbate Intraocular pressure 13 "'E' -0.158(-0.464 to 0.147) 0.310
Macular retinal nerve fiber layer 14 "i‘ -0.042(-0.263 to 0.180) 0.712
Macular ganglion cell inner plexiform layer 14 "‘!:‘ -0.096(-0.387 to 0.195) 0.517
Vertical cup-disc ratio 13 } 0.005(-0.006 to 0.016) 0.363
Alpha-tocopherol Intraocular pressure 24 ": -0.047(-0.191 to 0.096) 0.518
Macular retinal nerve fiber layer 28 '+' 0.044(-0.158 to 0.245) 0.669
Macular ganglion cell inner plexiform layer 28 H:" 0.054(-0.211 to 0.319) 0.689
Vertical cup-disc ratio 24 ‘I -0.001(-0.009 to 0.007) 0.833
Gamma-tocopherol Intraocular pressure 1 He—t 0.407(-0.179 t0 0.993) 0.173
Macular retinal nerve fiber layer 13 '—+ -0.263(-0.917 to 0.391) 0.431
Macular ganglion cell inner plexiform layer 13 '—‘i—' -0.102(-0.918 to 0.715) 0.807
1 i

Vertical cup-disc ratio

-0.020(-0.053 to 0.012) 0.223

T T 1777
21012
Beta (95% Confidence Interval)

Figure 4. Genetic association between diet-derived circulating antioxidants and glaucoma-related traits. Estimated beta represents the
effect per increase in log-transformed antioxidant metabolite concentrations on glaucoma-related traits. The results were obtained using

an IVW method.

Sensitivity analyses showed that the MR-Egger
and weighted-median methods generated consistent
results with the IVW regression (Fig. 4). Cochran’s
O test detected no heterogeneity except for lycopene
with mGCIPL thickness (P = 0.014) (Supplemen-
tary Tables S6-S9). There is no evidence of the
presence of horizontal pleiotropy for any of the antiox-
idants according to the MR—Egger intercept and MR-
PRESSO tests except for the association between IOP
and retinol (rs79548267;, P = 0.036) and ascorbate
(rs9606290; P = 0.030) for circulating antioxidant
metabolites (Supplementary Table S6). MR analyses
showed that the OR estimates did not change signif-
icantly for the association between IOP and retinol
after removing the outliers. After removing the outliers,
there was a nominal correlation between ascorbate and
IOP (B = —0.418; 95% CI, —0.730 to —0.107; P =
0.023).
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Discussion

Our study used two-sample MR to estimate the
genetic relationships among six diet-derived circu-
lating antioxidants, POAG, and glaucoma-related
traits. Instrumental variables were used as proxies
for absolute antioxidant levels and their metabolites.
Our results indicate that diet-derived antioxidants are
unlikely to have a protective effect against POAG
and are not significantly genetically associated with
glaucoma-related traits. These findings suggest that the
previously observed associations between antioxidants
and glaucoma may not be causal.

Evidence that dietary-derived antioxidants are
protective against glaucoma is inconclusive. Most
cross-sectional studies have reported that supple-
mentation with vitamins or a high intake of fruits
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and vegetables is associated with a decreased risk
of glaucoma.’” 3 However, a cross-sectional study
analyzing data from the US National Health and
Nutrition Examination Survey (NHANES), 2005-
2006, reported that supplementary vitamin C, but not
vitamin A or E, was associated with decreased risk
of glaucoma.** Furthermore, cohort data from the
Nurses’ Health Study indicated that supplementation
with vitamins A, C, and E, as well as dietary intake
of green leafy vegetables high in vitamins, yielded
mixed results.®#*' The aforementioned observational
studies relied on self-reported intake, without objec-
tive measurements of antioxidants or nutrients, and
the effect of confounding factors on POAG cannot
be excluded. Moreover, although a meta-analysis of
five primarily cross-sectional observational studies
concluded that the dietary intake of vitamins A and
C reduced POAG risk by 55% and 61%, respectively,
no such effect was observed for vitamins Bl and
E*; however, the included studies had high hetero-
geneity and different definitions of POAG, with two
studies using self-reported data. Our study provides
evidence, using genetic instrumental variables, that
diet-derived antioxidants have no causal relationship
with glaucoma.

Our study identified no causal relationship between
six diet-derived antioxidants and POAG, but other
antioxidant relationships still should be clarified. For
example, a recent study suggested that diet supplemen-
tation of zinc, selenium, and magnesium was associ-
ated with a lower risk of glaucoma.** Conversely, previ-
ous studies have also indicated that dietary intake
of magnesium and selenium may increase the risk
of glaucoma.”*** Similarly, one study suggested a
lower likelihood of glaucoma with increased dietary
consumption of omega-3,%° whereas other studies
found either no correlation or an increased risk of
glaucoma.”#¥® Additionally, there are contradictory
findings regarding the intake of vitamin B and its
association with glaucoma occurrence.”-'2-3° Therefore,
it is necessary to conduct further studies to confirm the
relationship between other antioxidants and glaucoma.

At present, there are no epidemiologic studies on
the association between diet-derived antioxidants and
IOP. Previous studies have confirmed increased oxida-
tive stress levels in the aqueous humor of patients with
glaucoma.®-" Oxidative stress contributes to trabec-
ular meshwork dysfunction,’'->> obstructing aqueous
humor outflow and leading to elevated IOP. However,
in our study, diet-derived antioxidants were not found
to have a significant IOP-lowering effect.

Preventing or delaying glaucoma progression
remains a challenge worldwide. In two RCTs, supple-
mentation with antioxidants improved inner retinal
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function and vision-related quality of life in patients
with glaucoma,’®>* suggesting that antioxidants
may slow glaucoma progression. However, these
studies had short follow-up periods (8-12 months)
and relatively small samples (43-109 participants)
and did not assess structural changes in RGCs. In
contrast, Hui et al.’>> reported that the intake of
vitamin B3 improved inner retinal function but did
not slow circumpapillary RNFL thinning in patients
with glaucoma. Additionally, in another RCT with a
2-year follow-up, supplementation with oral antiox-
idants did not slow the progression of peripapillary
RNFL and macular ganglion cell complex in patients
with POAG.”® Combined with our findings, this
suggests that diet-derived antioxidants may not protect
RGCs.

Our study determined that diet-derived antioxi-
dants had no causal relationship with POAG and
no protective effect on glaucoma-related traits. A
cross-sectional study reported that the serum levels
of vitamins A, C, and E were not associated with
glaucoma.*’ Another study showed that patients with
normal-tension glaucoma had lower serum levels of
vitamin C, but not vitamins A or E, compared to
the controls.”” Furthermore, a meta-analysis found
no evidence of a relationship between plasma or
serum vitamin levels and POAG.** These study findings
suggest that antioxidants in the blood may not be
associated with glaucoma risk. Furthermore, previous
studies have shown inconsistent antioxidant activity in
serum and aqueous humor in glaucoma patients.*->®
Therefore, we hypothesize that circulating antioxidant
levels may not accurately represent antioxidant capac-
ity and that enhancing antioxidant levels in the blood
does not necessarily produce additional antioxidant
effects in ocular structures. However, this hypothe-
sis requires further verification. Patients with obstruc-
tive sleep apnea (OSA) have a higher risk of POAG
compared to those without OSA,>*-%" and it is believed
that oxidative stress plays a significant role.®’ There-
fore, it is equally unlikely that diet-derived antioxidants
can be protective against POAG related to OSA.

This study has several strengths. First, to the best of
our knowledge, we are the first to investigate a causal
relationship among diet-derived antioxidants, POAG,
and glaucoma-related traits using genetic instrumen-
tal variables, excluding the residual confounding and
reverse causality bias in observational studies and
avoiding the exposure of participants to unnecessary
risks and hazards in clinical trials. Second, we used two
independent datasets of instrumental variables for both
absolute circulating antioxidants and their metabo-
lites. Similar results were obtained in MR analy-
ses with both absolute blood and metabolite levels,



translational vision science & technology

Antioxidants and Primary Open-Angle Glaucoma

especially for retinol and ascorbate, thus demonstrat-
ing the robustness of our findings. Third, we also used
the FinnGen Biobank in our analysis, in addition to
using the largest recent summary statistics POAG data,
and obtained consistent results. Finally, in addition to
analyzing the causal relationship between antioxidants
and glaucoma, we included glaucoma-related traits to
clarify the association between diet-derived antioxi-
dants and glaucoma progression.

However, our study has several limitations, as
well. First, GWAS data were extracted from popula-
tions of European descent, but glaucoma exhibits
significant race-dependent differences.®” Therefore, our
findings cannot be directly generalized to other racial
populations. Second, as there were only one and
two SNPs for the absolute circulating antioxidants 8-
carotene and retinol, we could not perform MR—Egger,
weighted-median, or MR-PRESSO analyses. However,
these instrumental variables are not associated with
risk factors for POAG or glaucoma-related traits in
the PhenoScanner database, indicating that horizon-
tal pleiotropy is unlikely. Future research should
find more antioxidant-related sites and improve the
strength of the instrumental variables. Third, a nonlin-
ear model may be more suitable for exploring the
causal associations among diet-derived antioxidants,
POAG, and glaucoma-related outcomes. However, as
published reports include only summary statistics and
no individual-level data, we could not perform nonlin-
ear analyses. Finally, we could not completely exclude
the possibility that other untested antioxidants may
have protective effects on glaucoma and its associated
traits.

Conclusions

Our findings did not support a causal association
between genetically determined diet-derived circulating
antioxidants of vitamins A, C, and E; B-carotene; or
lycopene with POAG risk. Furthermore, our analyses
observed no significant genetic association between six
diet-derived antioxidants and glaucoma-related traits.
Therefore, supplemental antioxidants may not offer
clinical benefits to patients with POAG or elevated IOP
and are not protective of RGCs in the general popula-
tion.
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